ABSTRACT UDP-glucuronosyltransferases (UGTs) are among the most important xenobiotic metabolizing enzymes that conjugate a wide range of chemicals. Previous studies showed that Felidae and Pinnipedia species have very low UGT activities toward some phenolic compounds because of the UGT1A6 pseudogene and small numbers of UGT1A isozymes. In addition to the UGT1As, UGT2Bs isozymes also conjugate various endogenous (eg, estrogens, androgens, and bile acids) and exogenous compounds (opioids, non-steroidal anti-inflammatory drugs, and environmental pollutants). However UGT2B activity and genetic background are unknown in carnivore species. Therefore, this study was performed to elucidate the species differences of UGT2Bs. Using typical substrates for UGT2Bs, UGT activity was measured in vitro. In addition, UGT2B genetic features are analyzed in silico. Results of UGT activity measurement indicate marked species differences between dogs and other carnivores (cats, Northern fur seals, Steller sea lions, Harbor seals, and Caspian seals). Dogs have very high V max /K m toward estradiol (17-glucuronide), estrone, lorazepam, oxazepam, and temazepam. Conversely, cats and pinniped species (especially Caspian seals and Harbor seals) have very low activities toward these substrates. The results of genetic synteny analysis indicate that Felidae and pinniped species have very small numbers of UGT2B isozymes (one or none) compared with dogs, rodents, and humans. Furthermore, Felidae species have the same nonsense mutation in UGT2B, which suggests that Felidae UGT2B31-like is also a pseudogene in addition to UGT1A6. These findings of lower activity of UGT2B suggest that Felidae and some pinniped species have very low UGT activity toward a wide range of chemicals. These results are important for Felidae and Pinnipedia species that are frequently exposed to drugs and environmental pollutants.
, and also glucuronidate some carcinogens and environmental chemicals (Guillemette et al., 2014; Meech et al., 2012; Nagar and Remmel, 2006) .
Cats are known to have very low glucuronidation activity, and therefore show adverse reactions to some chemicals (eg, acetaminophen, aspirin, propofol, carprofen) (Court, 2013; Savides et al., 1984) . Court and Greenblatt (2000) reported that one of the UGT isozymes, UGT1A6, is pseudogene, and that cats possess only a small number of UGT1As. UGT1A6 has orthologs in almost all mammals and catalyzes glucuronidation of many phenolic compounds. This genetic background can generally explain the strongly adverse effects of acetaminophen in cats. Recently, It has been reported that these genetic features are shared by all feline species and even by other carnivore species, such as the Brown hyena and Northern elephant seal (Shrestha et al. 2011) .
Furthermore, our previous study (Kakehi et al., 2015) revealed low liver microsomal glucuronidation activity toward phenolic compounds in some pinnipeds (Northern fur seal, Steller sea lion, and Caspian seal), and pseudogenization of UGT1A6 was found in Northern fur seals and Steller sea lions. These findings were the first report suggesting that these species may poorly metabolize chemical compounds.
Almost all Pinnipedia and Felidae species are top predators of their respective food chains, and therefore they are highly susceptible to the biomagnification of environmental chemicals. In fact, a number of reports have indicated that Pinnipedia and Felidae species are highly and clinically exposed to numerous environmental chemicals, including polychlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethanethane (DDT), and some other persistent organic pollutants (POPs) (Barron et al., 2003; Boyles and Nielsen, 2016; Facemire et al., 1995; Meng et al., 2009; Mizukawa et al., 2013) . Therefore, xenobiotic metabolism as a defense system for these chemicals should be investigated in these animals.
Although extremely important for toxicological assessment of these species the report by Kakehi et al. (2015) lacked information about UGT2 families. Mammalian UGTs are classified into 4 families based on gene divergence, ie, UGT1, UGT2, UGT3, and UGT8, of which the former 2 catalyze glucuronide conjugation. These two families, UGT1 and UGT2, are further subdivided into 1A, 2A, and 2B subfamilies (Mackenzie et al., 1997 (Mackenzie et al., , 2005 . The UGT2A subfamily consists of olfactory-specific isoforms (2A1 and 2A2). Among the many UGT isozymes, UGT1As and UGT2Bs are mainly expressed in the liver and contribute significantly to the metabolism of numerous xenobiotics.
In addition to the UGT1As, UGT2Bs are responsible for almost 45% of drug glucuronidation reactions (Stingl et al., 2014; Williams et al., 2004) . Drugs such as non-steroidal anti-inflammatory drugs, opioids and benzodiazepines, and endogenous compounds (estrogens and androgens) are conjugated by human and rodent UGT2Bs. Moreover, some environmental pollutants, such as hydroxy-PCBs and tetrachlorodibenzodioxin (TCDD) metabolites, were also suggested to be conjugated by UGT2Bs (Daidoji et al., 2005; Kasai et al., 2004) .
The higher importance of UGT2Bs and the lack of information regarding these isoforms in carnivores prompted us to examine the interspecies differences in UGT2B activities and genetic background in Felidae, Pinnipedia, and other mammalian species.
First, the UGT2B genes in carnivores, including pinnipeds, for which genome projects are available were phylogenetically analyzed and compared in silico. Then, using some typical substrates of human and rodent UGT2Bs, in vitro liver microsomal UGT activities were measured and compared among rats, dogs, cats, and 4 pinniped species, ie, Steller sea lions, Northern fur seals, Harbor seals, and Caspian seals. of Ehime University. Rats aged 8-weeks-old were used for comparison. SD rats (7-weeks-old) were purchased from Sankyo Labo Service Corporation, Inc. (Tokyo, Japan). The rats were housed at a constant temperature (23 C 6 1 C) and constant humidity (55% 6 5%), with automatically controlled lighting (lights on 07:00-19:00), given food and water ad libitum, and handled for 1 week. After euthanasia of rats by CO 2 inhalation, liver samples were collected and immediately frozen in liquid nitrogen. All liver samples from the 5 species were immediately frozen in liquid nitrogen and stored at -80 C until use. Animal experiments were performed under the supervision and with the approval of the Institutional Animal Care and Use Committee of Hokkaido University (no. 13-0213).
MATERIALS AND METHODS

Chemicals
Preparation of microsomes. Liver microsomes were prepared according to the method of Omura and Sato (1964) . Briefly, samples of about 5 g of liver tissue from each of the 6 species were homogenized in 15 ml of potassium phosphate buffer (KPB: 0.1 M, pH 7.4). Homogenates were transferred into tubes and centrifuged at 9000 Â g at 4 C for 20 min. The supernatants were further centrifuged at 105 000 Â g for 70 min to obtain the microsomal fractions. Microsomal pellets were resuspended in 5 ml of buffer, and microsomes were stored at -80 C until analysis. Dog (C. l. familiaris) liver microsomes were purchased from BD Biosciences (San Jose, California, USA). Protein concentrations in microsomes were measured using a BCA protein assay reagent kit (Pierce, Rockford, Illinois, USA).
In vitro glucuronidation assay. UGT activities for each of 5 substrates were assessed. First, 25 ml of hepatic microsome solution was mixed with 22.5 ll of KPB (0.1 M, pH 7.4), then 2. Data analysis. All kinetic parameters, including maximum velocity (V max ), Michaelis-Menten constant (K m ), and V max /K m ratio, were determined using the Michaelis-Menten equation and GraphPad Prism version 5.0 for Windows (GraphPad Software, San Diego, California, USA). Statistical analyses were performed using JMP 12 (SAS Institute Inc., Cary, North Carolina, USA). In Tukey's HSD test for V max /K m of each substrate for each species, differences at P < .05 were considered statistically significant in all analyses.
In silico phylogenetic analysis of UGT2B genes. Phylogenetic analyses were performed on the UGT2B genes of human, rat, dog, cat, Amur tiger, Cheetah, Weddell seal, and Pacific walrus, which were retrieved using National Center for Biotechnology Information (NCBI) BLAST search. The gene sequences used are listed in Supplementary Table 3 , and the protein-coding region for each isozyme was analyzed. The deduced amino acid sequences were aligned using MUSCLE (Multiple Sequence Comparison by Log-Expectation) and used for model selection and construction of maximum likelihood trees (bootstrapping ¼ 100) using MEGA6 (Tamura et al., 2013) . The best model (JTT þ G model) was used. All positions containing gaps and missing data were eliminated. Alignment and phylogenetic analyses were performed given default parameters. The results of phylogenetic analyses for human, mouse, rat, and dog UGT2B genes were examined with reference to the phylogenic analysis of Mackenzie et al. (2005) and Soars et al. (2003) to ensure the analysis was conducted successfully.
In silico synteny analysis of UGT2B genes. Mackenzie et al. (2005) .
RESULTS
The Smaller Numbers of UGT2Bs in Felidae and Pinnipedia
The gene loci where UGT2B genes are encoded were compared among several species, including carnivores. As shown in Figure  1 , the UGT2B locus is highly conserved across mammalian species. All mammalian UGT2Bs are located between the SULT1B1 (Sulfotransferase family 1B member 1) gene and YTHDC1 (YTH (YT521 homology) domain containing 1) gene. All mammals also have UGT2A1 genes, which are located just next to SULT1B1. UGT2A1 and YTHDC1 are separated by 1238.3 kb in humans, 754.7 kb in rats, and 622.6 kb in mice. Among the carnivore species examined, dogs have a longer locus (364.6 kb) than Felidae and Pinnipedia species. The distance between UGT2A1 and YTHDC1 is around 200 kb in Felidae species (200.8 and 205 .7 kb in cat and Amur tiger, respectively) and in Pinnipedia species (219.9 and 203.6 kb in Weddell seal and Pacific walrus, respectively). There are also marked interspecies differences in the number of UGT2Bs. Humans and rodents have 7-11 genes and a number of pseudogenes. Dogs also have 3 isozymes and 2 pseudogenes. However, felids and pinnipeds have only 1 or no (pseudogene) UGT2Bs. In the gene loci encoding UGT2Bs, the cat and Amur tiger also have 1 UGT isozyme, named UGT2C1-and UGT2A1-like (Supplementary Table 3) , and rodents and humans do not have this isozyme.
Pseudogene in Felidae UGT2B Isozymes
The gene sequences of UGT2Bs in several species acquired from the NCBI database were analyzed and compared. As shown in Figure 2 , dog UGT2B31, cheetah UGT2B31-like, and 2 pinniped UGT2B31-like complete mRNA sequences were compared with feline (cat and Amur tiger) UGT2B31-like genes, which are registered as pseudogenes in the database. When compared with the UGT2B sequences of other species, cat, Amur tiger, and cheetah UGT2B31-like genes have a 1-bp mutation at the same position in exon 1, resulting in a premature stop codon. Moreover in cat UGT2B31-like contains additional two premature stop codons in exon 1 sequence and in Amur tiger it contains more one stop codon. Also in Felidae species, UGT2B31-like contains many mutations, including delegations and insertions making frame shift, within exon 2-6 (Supplementary Figure 1) . This result indicates that the UGT2B31-like genes do not encode functional proteins, and are therefore pseudogenes in the domestic cat and at least in 2 other Felidae species (Amur tiger and cheetah). Pinnipeds UGT2B31-Like have no such nonsense mutation in at least 2 species (Pacific walrus and Weddell seal), suggesting no pseudogene in Pinnipedia. To make sure the pseudogene in Felidae species, we conducted the gene sequence analysis in cat and some Pinnipeds, and found the same mutation in the cat, and not in Pinnipedia species (Northern fur seal, Stellar sea lion, and Harbor seal). The results of gene sequence analysis and phylogenic trees of analyzed sequence were shown in Supplementary Figures 2 and 3 .
Evolution of UGT2Bs and Specific UGT2Bs in Carnivores
Phylogenetic tree of UGT2Bs are shown in Figure 3 . UGT2B genes have very high degrees of divergence and we could not identify orthologs of carnivore UGT2Bs in human and rodents, as discussed previously in Mackenzie et al. (2005) . Carnivore UGT2Bs are clustered into 1 group that includes the UGT2B31 isozymes. Human UGT2Bs are also clustered into just 1 group. Rodent UGT2Bs are highly divergent, and UGT2B34s in mouse and rat are the closest genes to carnivore UGT2B31-like in the phylogenetic tree. Other UGT2-like genes in Felidae, ie, UGT2C1-like in cat and UGT2A1-like in Amur tiger, were not clustered with either UGT2Bs or 2As (Supplementary Figure 4) . Therefore, it is still not Figure 3 . Phylogenetic tree of UGT2Bs. Phylogenetic tree of UGT2B amino acid sequences from human, mouse, rat, dog, cat, cheetah, Amur tiger, Pacific walrus, and Weddell seal. Gene sequences of the protein-coding region for each isozyme were analyzed. The best model (JTT þ G model) was used. The numbers next to the branches indicate the number of occurrences per 100 bootstrap replicates. Gene names followed the registered names in the NCBI database. Rat UGT2Bs are named after the NCBI database as recommended by the UGT Nomenclature committee. Carnivore UGT2Bs are clustered into 1 group that includes specific isozymes, ie, UGT2B31. yet clear into which subfamily these isozymes should be classified.
In Vitro UGT Activity for Typical Substrate for UGT2Bs UGT in vitro activities for endogenous and exogenous compounds were measured and compared among species. Figure 4 shows that the Michaelis-Menten plots of UGT activities for endogenous substrates, and Table 2 shows the results of Michaelis-Menten parameters in each species. As shown in Figure 4A and Table 2 , estradiol-3-O-glucuronide formation is catalyzed by UGT1A1 in human and rodents, isozymes that show high degrees of gene similarity in mammals. Smaller interspecies differences were observed in intrinsic clearance (V max /K m ), K m , and V max compared with other substrates.
On the other hand, marked interspecies differences were observed in estradiol-17-O-glucuronide formation (Figure 4 (B) ). Dog liver microsomes rapidly glucuronide estradiol at the 17-OH position, while cat microsomes did not catalyze this reaction. In addition, lower V max /K m values were observed in Northern fur seal and rat. Harbor seal, Caspian seal, and Steller sea lion microsomal glucuronidation activities were intermediate between those of dog and Northern fur seal. There were also marked species differences in estrone glucuronidation. As shown in Figure 4C , V max /K m was markedly higher in dogs than in the other 5 species examined. Notably, four Pinnipedia livers had lowest V max /K m values (<1/30 of the value in dogs). Figure 5 shows the Michaelis-Menten plots of UGT activities for exogenous substrates. There were also large differences in lorazepam ( Figure 5A ), oxazepam ( Figure 5B ), and temazepam glucuronidation ( Figure 5C ). Similar to other substrates, dog liver rapidly conjugates these 3 substrates, although cat, Harbor seal, and Caspian seal have low V max /K m values. The trends of species differences were similar for lorazepam and oxazepam glucuronidation, but a slightly different trend was observed for temazepam glucuronidation. In lorazepam and oxazepam glucuronidation, Northern fur seal and Steller sea lion showed V max /K m values intermediate between those of dog and cat. However, they showed almost the same V max /K m as dog in temazepam glucuronidation.
DISCUSSION
Carnivores Have Homologs UGT2B31-like Genes and Pseudogene in Felidae
In this study, we analyzed entrez gene information. Most mRNA sequences were predicted from genetic information and still have some gaps around UGT2B genes in most species. Although the information is still incomplete, genetic information could indicate evolutionary history of UGT2 genes. The UGT2B subfamilies have a high degree of divergence, and mammals have species-specific UGT2Bs. In carnivores, almost all species analyzed have possible orthologs of UGT2B31-like genes. In these isozymes, only dog UGT2B31 has been cloned and characterized (Soars et al., 2003) . Recently, highest expression levels of UGT2B31 were observed among UGT isozymes in dog liver (Heikkinen et al., 2015) . In addition, the UGT2B activity of dog liver microsomes was one order of magnitude higher than that in humans (Soars et al., 2001) . Based on these high expression levels, high activity in the liver, and results of phylogenetic analysis in this study, UGT2B31-like seems to be the key isozyme in the carnivore UGT2B subfamily. Dogs also have 2 other UGT2B isozymes, named UGT2B31-like (Accession Number: XM845409 and XM003639460), although the substrate specificity and expression characteristics of these 2 isozymes are still unknown.
Interestingly, cat, Amur tiger, and cheetah UGT2B31-like genes were found as pseudogenes. From the phylogeny of Felidae, the Panthera lineage (eg, tigers, lions, and leopards) first divided from other Felidae around 10.8 million years ago (Johnson et al., 2006) . UGT2B31-like gene nonsense mutations are conserved in Felidae, including Amur tiger (Panthera lineage), indicating that the Felidae UGT2B31-like gene pseudogene occurred prior to Felidae divergence. As mentioned, UGT pseudogene in Felidae species is also found in UGT1A6 isozymes (Court and Greenblatt, 2000; Shrestha et al., 2011) . For UGT1A6, pseudogene is further found in non Felidae species (Kakehi et al., 2015; Shrestha et al., 2011) . Such a wide range of pseudogene may also be observed in the UGT2B31-like gene. The UGT2B31-like genes of at least 5 Pinnipedia species (Weddell seal, Harbor seal, Stellar sea lion, Northern fur seal, and Pacific walrus) are not pseudogene. However, it remains possible that other Pinnipedia species and Feliformia species (eg, Herpestidae and Hyenidae) have UGT2B31-like pseudogenes, like UGT1A6.
Other UGT Genes in Felidae and Pinnipedia
The results of synteny analysis of UGT2Bs indicate other possible UGTs; UGT2A1/2 and 2C1-like genes. UGT2A1 and 2A2 are olfactory-specific isozymes in humans and rodents, and are not expressed in the liver (Lazard et al., 1991; Sneitz et al., 2009) . Therefore, these isozymes are considered not to contribute to xenobiotics metabolism in the liver.
With regard to cat UGT2C1-like genes, other carnivores also have UGT2C1-like genes with high degrees of identity (equivalent to dog UGT2A1-like gene [Query cover 48%]). Some other mammals, including pigs and rabbits, also have UGT2C1 genes with high levels of identity, but not humans or rodents (Mackenzie et al., 1997; Tukey et al., 1993) . Rabbit UGT2C1 was renamed as UGT2A2 (Mackenzie et al., 2005) . The UGT2C1 gene is expressed at high levels in the porcine liver, although its substrate specificity is still unknown (Sakai et al., 2016) .
Species Differences of Glucuronidation for UGT2B Substrates
Two types of estrogens were used in this study, ie, estradiol and estrone. Estradiol is one of the UGT substrates, and 3-OH conjugation is generally used as a UGT1A1 probe substrate in mammalian liver (Lé pine et al., 2004; Zhu et al., 1996) . We detected only slight species differences in estradiol (3-OH) UGT activity, which was attributed to the high degree of conservation of UGT1A1 in mammals. In contrast, the results of UGT activity at the 17-OH position of estradiol indicate large species differences. Dog liver microsomes showed very high activity, but we could not detect its glucuronide from cat liver microsomes. These findings were similar to those of previous reports by (Troberg et al., 2015; van Beusekom et al., 2014) . Human UGT2B4, 2B7, 2B17, and rat 2B1 catalyze estradiol (17-OH) glucuronidation (It€ aaho et al., 2008) . In dogs, UGT2Bs also seem to catalyze this reaction (Troberg et al., 2015) . Estrone glucuronidation is catalyzed by human UGT1A10 and rat UGT2B1 (Lé pine et al., 2004) . Therefore, the UGT2B31-like pseudogene can explain the lack of estradiol (17-OH) glucuronidation activity in the cat liver, because this isozyme seems to be orthologous to dog UGT2B31. Interestingly, four pinniped species have lower activity than dog. The Northern fur seal has very low activity toward estradiol (17-OH) and estrone. The Caspian seal, Harbor seal, and Steller sea lion have higher activity for estradiol (17-OH) but similar activity for estrone. Thus, there are species differences in UGT activity or substrate specificity in Pinnipedia species.
Three benzodiazepines were also used as typical UGT2B substrates in this study. Lorazepam glucuronidation is catalyzed by human UGT2B4, 2B15 (Uchaipichat et al., 2013) , and dog UGT2B31 (Soars et al., 2003) . For oxazepam, glucuronidation is catalyzed by human UGT2B15 and 1A9 (Court et al., 2002) , while temazepam is glucuronidated by human UGT2B7. Therefore, these substrates seem to be specific and cross-species substrates of UGT2Bs. Dog liver microsomes were found to have higher activity than those of any other species examined in this study. In contrast, cat liver microsomes showed lower activity toward these 3 substrates. Recently, van Beusekom et al. (2015) reported comparative analysis of in vitro UGT activity for oxazepam and temazepam in cats and dogs, and the results were consistent with our results. Similar to estrogen compounds, UGT2B31-like gene deficiency in cats can contribute to lower activities for these substrates, although the smaller number of UGT1As in cats may also contribute to the observed lower activities.
In vivo pharmacokinetic analyses of these agents in cats and dogs have been reported previously, and showed longer half-life of lorazepam and oxazepam in cat than dog. (Schillings et al., 1975, Boxenbaum and Russell, 1982; Driessen et al., 1987) . These findings were consistent with those of our in vitro study.
There are several in vitro kinetics data of UGT2Bs substrates with lower glucuronidation activity in cats, eg, morphine (Coffman et al., 1997; van Beusekom et al., 2014) , chloramphenicol (Soars et al., 2003; Watkins and Klaassen, 1986) , and mycophenolic acid (Slovak et al., 2016) . These lower activities are reasonable due to the UGT2B31-like pseudogene in cats, which is consistent with our results.
Interestingly, Harbor seal and Caspian seal liver microsomes also have very low activity toward exogenous compounds, lorazepam, oxazepam, and temazepam, in contrast to the higher levels of activity seen in the Stellar sea lion and Northern fur seal liver. In the phylogeny of Pinnipedia, Harbor seal and Caspian seal are classified into Phocidae, while the Northern fur seal and Steller sea lion belong to the Otarridae. These phylogenetic features suggest that lower glucuronidation activities in Phocidae. However, our genetic analysis indicates that the Weddell seal and Harbor seal UGT2B31-like genes are not pseudogene as in the Felidae and it seems to be functional. Further studies of UGT2B31-like gene sequences, substrate specificity and expression levels in Phocidae species are needed to compare the functional characteristics of UGT2Bs in these species.
Risk of Chemical Hazards in Pinnipedia Species
With regards to the Pinnipedia species, there have been many reports that these species are highly exposed to environmental chemicals, such as PCBs, DDT, and other POPs. Marked toxicological effects of POPs have been reported since the 1960s, and they are considered a significant global threat for these species (Kovacs et al., 2012; Meng et al., 2009 ). Higher exposure levels to environmental pollutants and lower metabolic activities make these species highly susceptible to chemical hazards. UGT2Bs in human and rodents catalyze glucuronidation of some environmental pollutants, such as hydoxy-PCBs (Daidoji et al., 2005) , perfluorooctanesulfonamide, a major P450 metabolite of N-alkylperfluorooctanesulfonamides, (Xu et al., 2006) , and Hydroxy-2,3,7-tri chrolodiphenylether (OH-2,3,7-triCDD), one of the major P450 metabolites of 2,3,7,8-TCDD (Kasai et al., 2004) . These findings suggest that UGT2Bs are among the most important isozymes for POP metabolism. However, our results indicate lower capacity of UGT2Bs in Felidae and Phocidae species. In addition to the lower UGT1A6 activity, these findings suggest that these species are poor metabolizers of environmental chemicals. In spite that in vitro activity of UGTs for such POPs in these species is still unknown, there are some in vivo data showing higher concentration of Hydroxy-PCBs in blood of some pinnipeds and cats than other mammals (Mizukawa et al., 2013 , Nomiyama et al., 2014 . UGT lower activity may be related to such a higher concentration of OH-PCBs in Felidae and Pinnipeds.
For the summary, carnivore species have possible orthologs named UGT2B31-like, although UGT2Bs are highly divergent in mammals. The activities of the UGT2B subfamily in cats and some Phocidae species are markedly lower than those in dogs. Together with the lower activity of UGT1As, these findings suggest that Felidae and some pinniped species have very low UGT activity toward a wide range of chemicals. Genetic analysis revealed pseudogenization of Felidae UGT2B31-like, which may explain why they show little glucuronidation activity for UGT2B substrates. Many drugs and environmental pollutants are conjugated by UGTs. These results are important for these species, which are frequently exposed to drugs and environmental pollutants.
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